Significantly less recombination was observed for the female gametes than for the male gametes in one individual of maritime pine (Pinus pinaster Ait.). Two segregating mapping samples of the same hybrid tree were used for genomic mapping. One sample consisted of diploid tissues from 192 F2 seedlings. The other sample consisted of megagametophytes (haploid maternally derived nutritive tissue) extracted from 156 germinated F2 seedlings. A total of 94 RAPD markers covering 65 per cent of the genome was used for constructing the maps with both samples. Comparison for the total length of the two maps shows that meiotic recombination differs between the haploid and the diploid mapping samples. Map distances in the diploid mapping sample were on average 14 per cent larger than in the megagametophyte sample, corresponding to a 28 per cent greater rate of recombination in the pollen parent.
Introduction
The metric of genetic mapping is the recombination distance between marker loci, expressed in cM. The map distances between loci can vary among individuals, between the two sexes, among related species and over environments. Beavis & Grant (1991) showed that significant heterogeneity exists in map distances between homologous loci in different families of maize. In pea, Ellis et al. (1992) concluded that the variation in recombination rates between markers mapped in different crosses was so important that it would be difficult to construct a single map for the species. In angiosperm plants, a higher genomic map length was observed for the female in tomato (de Vicente & Tanksley, 1991;  female gametes. The total genomic map length of interspecific hybrids has been compared with the map length for individual species (Rick, 1969; Tadmor et a!., 1987; Douches & Quiros, 1988; Gebhardt et a!., 1991; Causse et al., 1994) . These studies concluded that interspecific maps were approximately 25 per cent smaller than intraspecific maps. Reduced homology of the DNA strands in homologous pairs of chromosomes can be caused by differences in DNA sequence, DNA content and chromosomal rearrangements. Recombination fraction can also vary depending on the environment (Ihrke & Kronstad, 1975; Zhuchenko & Korol, 1983) . The influence of temperature has been particularly studied and reported (Allard, 1963; Towe & Stadler, 1964; Lu, 1974; Rose & Baillie, 1979; Tulsieram et a!., 1992) . These examples of recombination differences raise several problems concerning the extent of heterogeneity and its potential impact on map merging, breeding applications, and positional cloning. If heterogeneity of recombination is common, then assembling a consensus map for a species will be difficult.
The identification of heterogeneous chromosomal regions requires appropriate statistical analyses of recombination data. There have been few studies reporting tests for heterogeneity of recombination rates in plants (e.g. Beavis & Grant, 1991; Murigneux et al., 1994) and simple paired t-tests are often used to reveal significant differences in recombination fractions. Genomic analysis of homogeneity of recombination fraction for a whole linkage group is theoretically possible using likelihood methods. Beavis & Grant (1991) extended Morton's (1956) test for homogeneity from two loci to many loci in a linkage group. 
Materials and methods
Plant mater/al, DNA extract/on and amplification An F2 inbred pedigree was obtained by selfing an inter-racial hybrid tree (accession 'H12') of maritime pine (2n = 2x = 24). Selfed seeds were germinated in 67-well format Hiko plates (10 cm deep), containing a 1:2 ratio of vermiculite:peat potting mix. Megagametophytes were collected from germinated seedlings after emergence from the potting mix just before the seed coat would be cast off. Megagametophytes are mitotic derivatives of a single haploid megaspore and are derived from the same megaspore that gives rise to the maternal gamete. Therefore they are genetically equivalent to maternal gametes. After one season of growth, needles of the corresponding F2 plants were sampled. For both megagametophyte and needle, DNA extraction was performed using the CTAB procedure (Doyle & Doyle, 1987) with some modifications described by Plomion et a!. (1995a) . The method of Williams et a!. (1990) was used for DNA amplification. We have previously developed a strategy to choose RAPD (Random Amplified Polymorphic DNA) markers that are highly repeatable and easily scored from haploid (megagametophyte) and diploid tissue (needles of both grandparents and the hybrid parent) (Plomion et al., 1995a) . These markers were also successfully amplified in the F2 progeny. The F1 individual tree that was mapped twice was a hybrid between the Landes and the Corsican races of maritime pine, and it was chosen because of its high selffertility. We have previously shown that H12 did not carry recessive embryonic lethal genes (Plomion et a!., 1995a) .
Map construct/on
Linkage relationships in the different mapping data sets were analysed with GMENDEL (Liu & Knapp, 1990) . Linkage groups were identified using a P-value<0.0001 and a minimum recombination fraction 0<0.40. A first data set (haploid mapping sample) consisted of a subset of 94 RAPD markers chosen from a larger number of markers already localized on a saturated map of H12. These markers were already assayed on 124 megagametophytes of H12 (Plomion et al., 1995b) . For this study, the mapping sample was extended to 156 megagametophytes. The additional 32 individuals were genotyped with these 94 RAPD markers.
A second data set (diploid mapping sample) consisted of the same 94 RAPD markers assayed on 192 F2 selfed progenies of H12. Only dominant markers in coupling phase map efficiently in an F2 population. Thus, the two linkage phases (corresponding to markers inherited from the Corsican or the Landes grandparents) were handled separately, and homologue-specific linkage groups were constructed (one to four groups per chromosome) with RAPD markers segregating 3:1 in the progeny.
Because of missing data, the sample sizes used for mapping the F1 tree varied between 124 and 156 megagametophytes and 160 and 192 F2 individuals. With these sample sizes, the linkage information was approximately equal for pairs of markers within a 30 cM distance. Standard errors for the estimates of recombination frequencies for both haploid and diploid mapping samples are shown in Fig. 1 . A third data set, obtained by pooling the two previous data sets, was also analysed to test for departure from homogeneity of recombination fraction between the haploid and diploid mapping samples.
Evaluation of departure from homogeneity of recombination fraction between the haploid and dip/old mapping samples Our goal was to analyse the distribution of recombination rate differences all over the genome. In particular we were interested to determine whether the male and female gametes have different levels of recombination and, if so, whether this is a genomewide phenomenon or is restricted only to certain regions of the chromosomes. Therefore, homogeneity of recombination fraction was tested for adjacent markers within each linkage group, rather than with a global test at the linkage group level. A total of 69 intervals flanked by the same markers (named according to the nomenclature used in Plomion et al., 1995b) and having the same order in the haploid, diploid and pooled maps, were tested for departure from homogeneity using the G-statistics obtained with the GMENDEL software. Expected genotype frequencies of the 3:1/1:1 marker configuration were added in this software, and used to compute maximum likelihood estimates of recombination fraction in the pooled mapping sample. The homogeneity test can be expressed as follows:
where the G-statistics are 1 d.f. tests, for independent assortment of a pair of markers in the diploid, haploid and pool maps. The statistical power of heterogeneity detection was not similar for all marker pairs, as sample sizes of the haploid and diploid progenies were not identical across the 69 intervals tested.
Results

Segregation of RAPD markers
The RAPD markers that were used in this study could be followed in the pedigree from both grandparents, through the F1 parent, to the F2 progeny. The segregation ratios of the RAPD markers did not depart significantly (P <0.01) from the expected 1:1 and 3:1 Mendelian ratios, in the haploid and diploid mapping samples, respectively (Fig. 2) .
Linkage maps construction Dominant marker pairs contain little linkage information in F2 families when markers are in repulsion phase (trans gene arrangement) (Mather, 1936; Allard, 1956; Robinson, 1971 (group 7) homologue-specific maps were obtained. Linkage group 12 was not represented. The RAPDmarkers used in this study were extracted from a larger data set: 200 markers assayed on needles of the 192 F2 seedlings. Initially, these markers were chosen to maximize the genome coverage with the minimal number of RAPD reactions. However, we did not consider linkage phases in our choice, and only markers in coupling within a 50 cM map distance could be linked. This resulted in a total of 94 RAPD markers covering approximately 65 per cent of the genome (filled region in the BC map, Fig. 3 ). The haploid map based on previously described RAPD markers was constructed under the backcross model and was compared with the F2 map constructed from the diploid mapping sample. The RIPPLE command of MAPMAKER (Lander et a!., 1987) was used to evaluate the confidence on marker ordering in both maps. Comparison of the likelihood of all permutations of adjacent triplets showed that the order of RAPD markers was at least 100 times better than any alternative order.
Map comparison between the dip/old and hap/old mapping samples A comparison of meiotic recombination in centimorgans (Kosambi, 1944) (1 -p)(l -p ')14 or (1 -p")2/4. Equating these two terms and solving for p gives: p +2g.
(1-p) The difference in recombination rate between male and female seemed to be nonuniformly distributed on the genetic map of maritime pine. It was stronger in some intervals, absent in others, and in a few cases it was opposite to the general tendency. The same observation was reported in tomato (de Vicente & Tanksley, 1991) . In addition, no correlation was found between chromosomal regions that showed significant departures from homogeneity of recombination fraction and nearby intervals, indicating that the factor(s) involved may be specific for these regions. A significant difference (P 0.027 for the paired t-test) between both maps was obtained when only intervals showing nonsignificant heterogeneity (P>0.5) were included in the analysis. This suggests a general reduction in female recombination rate throughout the genome of this species.
Intervals showing significant departure from homogeneity, in particular those with P<0.00075, can be described as 'hot spots' of recombination.
Attempt at an evolutionary interpretation for sex differences in recombination between gymnosperms and angiosperms In angiosperms, sexual differences in meiotic recombination rate have been reported for the whole genome in tomato (de Vicente & Tanksley, 1991; Paterson et a!., 1991) and barley (Graner et a!., 1991) . In these species, recombination rates in pollen parents were lower than for seed parents. In gymnosperms, our results are consistent with those of Moran et al. (1983) for Pinus radiata. In this species the recombination rate for pollen meiosis is approximately 40 per cent greater than for ovules. Groover et a!. (1995) also reported in Pinus taeda that the genomic map length from the paternal parent was longer than the maternal map. Moran et al. (1983) attributed the differences in recombination rate to the temperature difference during megaspore and microspore formation. Indeed, in Pinus species, male and female gametogenesis occur at different periods of the season (e.g. Greenwood, 1980) . In maritime pine (at a latitude of 44°30'), male and female gametogenesis occur in July and October, respectively (G. Philippe, personal communication). Higher temperatures could potentially increase the duration of homolog pairing and consequently increase crossover frequency in the pollen parents. However, this explanation does not provide any ultimate evolutionary interpretation.
Such an evolutionary explanation for this opposite trend in recombination rate between microspore and megaspore in angiosperms and gymnosperms could be linked to the striking differences in the reproductive biology of these taxa. Assume that recombination reduces gamete fitness, through a reduction of viability (or competitive ability) of crossover combinations, by breaking down coadapted gene complexes (Vizir & Korol, 1990) . We propose that reducing recombination frequency in microspore formation could increase fitness in angiosperms whereas reducing recombination frequency in megaspore formation could increase fitness in gymnosperms. In other words, more offspring will be produced in angiosperms if less recombination occurs in the microspore and more offspring will be produced in gymnosperms if less recombination occurs in the megaspore.
Indeed, in gymnosperms, large amounts of pollen are produced but pollen grains do not compete for fertilization of archegonia. The 'first on, first in' strategy is used (Webber & Yeh, 1986) . Abnormalities in the haploid pollen genome lead to seed abortion but the fitness of the paternal parent remains nearly intact. Soft selection eliminates unfit combinations without modifying the number of offspring ultimately produced. On the contrary, the megaspore develops into a large multicellular haploid structure, the megagametophyte. This structure serves the dual function of bearing the archegonia and of nourishing the young embryo. Food accumulation is a prezygotic phenomenon that affects fertile as well as sterile prothalli, and is therefore independent of fertilization (Maheshwari & Sing, 1967) . Too much recombination during the megaspore formation could lead to empty seeds, a resource wastage that would reduce the fitness of the maternal parent. Hard selection will lead to empty seeds, i.e. a change in the number of offspring ultimately produced.
In angiosperms, pollen grains compete for fertilization of ovules by growing through the floral tissues (stigma and style) (e.g. Mulcahy & Mulcahy, 1987; Marshall, 1988; Sarr et al., 1988) . A higher recombination may lead to a higher rate of chromosomal rearrangements that will be counter-selected in a competitive environment. In addition, aneuploidy (variation in chromosome number) is more easily transmitted through the seed parent than through pollen parents, probably because of the extremely reduced and passive female gametes. The megaspore develops into the embryo sac, a structure that is reduced in most taxa to a few cells. A general pattern is that parental provisioning of offspring (seed filling) is delayed until after fertilization (reviewed by Westoby & Rice, 1982) . Because of this postzygotic investment, abortion of the embryo sac will usually not lead to resource wastage.
Despite a difference in DNA content, plant species present on average similar chiasma frequencies. This is the case, for instance, for Arabidopsis (0.15 pg/C) and maritime pine (24 pg/C) (Plomion et al., 1995b) . A comparison between angiosperms and gymnosperms is therefore justified. Hence, the differences in the reproductive biology of angiosperms and gymnosperms could explain a general reduction in recombination in the microspores of angiosperms and in the megaspores of gymnosperms. As a consequence, a lower genetic length in maps derived from female meiosis in gymnosperms and in maps derived from male meiosis in angiosperms is expected. The availability of angiosperm and gymnosperm recombination data for the whole genome is still limited and it would be interesting to confirm the apparent opposite trend in both taxa. Depending on breeding strategies, a different rate of recombination could be desired. When favourable genes are in coupling, a low recombination may be required to recover progenies with good gene combinations, whereas increasing recombination may be preferred when favourable genes are in repulsion or when favourable and unfavourable genes are linked. Direct manipulation of genetic recombination is not yet feasible, but considering the difference in recombination fraction between the sexes, the choice of the parent with which breeding should be carried out in Pinus species constitutes an attractive substitute. As pointed out by de Vicente & Tanksley (1991), differences in male-female recombination can potentially be exploited for practical purposes. Young & Tanksley (1989) showed that markers can accelerate backcross breeding, and that detecting recombinant individuals that bear the genes to be introgressed with minimal amounts of flanking DNA is a critical part of the process. Our results suggest that for pine, marker-assisted backcross breeding to introgress genes from an individual into an other individual will be more efficient using the recurrent parent as the female. Linkages will be broken more easily when using the F1 as the pollen parent.
Similarly, fine structure mapping (Paterson et al., 1990; Churchill et a!., 1993) will be more efficient using meioses from the pollen parent rather than from the seed parent. In a high density map, closely linked markers will be more precisely ordered if recombination occurs more frequently. Considering the amount of DNA per cM (13 Mbp!cM in Pinus pinaster) and the high amount of repetitive DNA (Plomion et al., 1995b) , positional or map-based cloning (Arondel et a!., 1992; Martin et al., 1993) could be easier by using male meioses. However, in a first stage of genomic analysis, a saturated genomic map could be obtained more easily by using meioses from female gametes, because fewer markers would be required for equivalent coverage of the genome (Lange & Boehnke, 1982) .
